The static interaction of the Moller-Rosenfeld theory is used to calculate approxim ately the binding energies of the nuclei H 2, H 3, He3 and He4. The value of the meson mass and of the two other param eters available in the theory are determined from a comparison with the observed binding energies of the H 3 nucleus and of the singlet and triplet states of the deuteron. The meson mass so determ ined is between 210 and 220 electron masses which is in fair agreem ent w ith cosmic-ray measurements. The binding energy of He3 calculated from th e energy difference H 3 -H e3 is also found to be in fair agreement w ith the observed value.
In the present paper the version of the meson theory, usually known as the MollerRosenfeld theory (referred to as M.-R. theory (Moller & Rosenfeld 1940 ; Rosenfeld J945> J947)) be used to calculate approximately the binding energies of the nuclei H 2, H3, He3 and He4. In this theory a 'static' interaction is separated from the total interaction between nucleons. The purpose of the present calculations is to investigate to what extent this static interaction can account for the observed binding energies.
The M.-R. theory is preferable to other meson theories because in the static approximation it leads to a finite value for the binding energy of the triplet state of the deuteron. Other theories such as the vector theory (Yukawa, Sakata, Kobayasi & Taketani 1938; Frohlich, Heitler & Kemmer 1938; Bhabha 1938) lead to an infinite value for this binding energy.
The static M.-R. interaction contains three available constants-the mass of the meson and two other constants having the dimensions of charge. These three con stants can be determined from a comparison of the calculated values of the binding energies of the triplet and singlet states of the deuteron and th at of the hydrogen isotope H 3 with the experimental values. A first check can then be made by com paring the theoretical value of the meson mass with th at obtained in cosmic-ray experiments, and by calculating the H 3 -He3 energy difference. The constants thus determined will then be used to calculate the binding energy of He4.
The influence of the non-static terms (depending on the time derivatives of the co-ordinates describing position, spin and charge of a nucleon) will not be con sidered. Theoretically this can be justified in the case of the deuteron (Rosenfeld 1945 (Rosenfeld , 1947 , although these terms alone are responsible for its quadripole moment. The question of the influence of non-static terms in nuclei containing more than two nucleons is much more complicated than in the case of the deuteron. The following investigations should, therefore, give a semi-empirical estimate of the importance of the non-static terms in these heavier nuclei based on the assumption th at the static M.-R. interaction is a correct first approximation. Moreover, the semiempirical nature of the present investigations is further emphasized by the fact th at the convergence of the higher order interactions is in no way assured.
Some of the results of the present paper have already been communicated at the Cambridge conference (Frohlich, Ramsey & Sneddon 1947) , but it seemed desirable to give a full account of the methods used in the calculations, and of the results obtained from them.
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W a v e e q u a t i o n f o r t h e w-n u o l e o n p r o b l e m
According to the M.-R. theory (Rosenfeld 1945, equation (16) ) the 'static' inter action energy between two nucleons is given by (t ,.-*) [G»+ *"(«,.*,)]■ 
MG* m h e '
When there are n nucleons present it is assumed th at the total interaction is
where I J ,y, the interaction between the tth and yth nucleon, is defined by a relation similar to equation (1). This assumption neglects all non-static interaction and also the existence of many-body forces which in the M.-R. theory are contained in the non-static terms. The binding energy En of a nucleus containing n nucleons is determined from the solution of the Schrodinger equation
where Wn is the wave function which depends on the co-ordinates specifying the positions, spins and isotopic spins of the nucleons. If the co-ordinates of the ith nucleon are denoted by ( x\ , x\, x\) , th
If now a change of variable is made so that
The substitution of these values of Un, p { from equations (6) and (8) into the Schro dinger equation (7) Multiplying equation (9) on the left by W*, the Hermitian conjugate of Wn, and integrating over all the co-ordinates (including spin and isotopic spin co-ordinates), it follows th at « . .
The integrations go over the space, spin and isotopic spin co-ordinates of all the particles. The space integrations are carried out over a large but finite volume. The energy constant an will be determined from this equation by a variational method. I t seemed desirable to use for the three-body calculations the same approximations as have to be used in the case of He4. A better approximation may be developed in the former case ( §7). This will be used to check the accuracy of simpler methods developed below.
Assume now th at the wave function Wn may be written as a product of the form
) where < j> n is a function of the spin variables and of the isotopic spin variables tx, t2, i/rn( rx, ...,rn) is a function of the space co-ord may contain one or more parameters a, f i ,. Except for the deuteron ( n = 2), where the exact solutions these wave functions can have only approximate validity. In the exact solutions it is not possible to separate the space co-ordinates from the spin and isotopic spin variables (cf. § 7).
To fulfil the Pauli exclusion principle Wn must be an antisymmetrical function. Then xjrn can be either symmetrical or antisymmetrical, and hence must be either antisymmetrical or symmetrical. The interaction ^ (which is a symmetrical func tion) does not lead to transitions between the two types of solutions. In the ground state we expect xjfn to be symmetrical and thus < f)n to be antisymmetrical.
From the symmetry of \jrn it follows that, integrating over the space co-ordinates, H. Frohlich, K un H uang and I. N. Sneddon
and
Writing (integrating over all co-ordinates as in (12)) 
1S and 3S refer to the singlet and triplet state of the deuteron respectively.
T h e d e u t e r o n
The differential equation satisfied by the radial part of the wave function of the deuteron has been studied in detail by Wilson (1938) . By substituting a wave function of the type ft2 = e~iari2 (21) into equations (14) and (15), making use of the results in equation (18) with 2 and minimizing a2 with respect to a, it is easily established th at
4(a + 3) ' _5S' ' a(a + 3) are the parametric equations of the relation between and b2. Wilson compares this solution with th at obtained mechanically by solving the Schrodinger equation for ^2 by means of the differential analyzer. The results are summarized in the first three columns of table 1. The second column gives the value of b2, corresponding to the value of a2 on the left, as determined by the differential analyzer. The third column was constructed by calculating b2 from equation (22) for the value of a necessary to give the prescribed value of a2. It will be observed th at the two a2 -b2 curves lie close to each other except in the region of the point a2 = 0. Wilson also computed the a2 -b2 curve which w'ould arise from assuming instead of (21) where c is a parameter. The values of b2 corresponding to the prescribed value of a2 calculated from equations (14), (15) and (18) are given in the final column of table 1. The agreement with the exact solution obtained from the differential analyzer is very close in this case (cf. figure 1 of Frohlich et al. 1947) .
In calculating the binding energy of the deuteron the a2 -b2 curve obtained by Wilson from the differential analyzer was employed. For the energy E2<fS) of the singlet state we use the approximate value
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Actually ^2(X S) is of the order of 105 eV, which leads to an error of 5 to 10 % in the determination of 62(X S). Since, however, 62(3S) will be found to have about twice the magnitude of 62(1S), the relative error in b3 and b4 (cf. equation (20)) will be less than 5 %. The correct value will be used, however, in the calculations of § 7. It follows at once from (24) th at a2(xS) = 0 and from table 1 th at 6,(1S) = -1-70. Substituting from equations (5) and (19) F*_G* 3 he he (25) Similarly for the triplet state,
From this equation a value can be assigned to a2(3S) for each value of the meson mass m. If the corresponding value of b2(3 S) iswhich by virtue of equation (25) reduces to Taking a set of values of the meson mass m, a2(3S) can be calculated from equation (26) . From the differential analyzer a2 -b2 curve the value of b2 can be determined and F 2jhe, G2/hc calculated from equations (25) and (27). Thus from the deuteron energies it is possible to draw curves relating 2 and G2 to the meson mass m. These curves are shown in figure 1; they consist of two straight lines with equations G2 F 2 m -j-= 0-0246, -= 0-000306 -+ 0-0085, me denoting the electronic mass.
These values lead to the relation
which is equivalent to M bz = ~3(02 + 3 /2) = -5-067 + 0-01503 -.
T h e h y d r o g e n i s o t o p e H 3 (t r i t o n ), f i r s t a p p r o x i m a t i o n
The binding energy of the hydrogen isotope H 3 is approximately determined by the variational method taking for ifr3 a product of three two-body wave functions
as has previously been suggested by Wigner (1932) and by Feenberg (1935) . For the two-body wave functions ^jr<fi,j) to be inserted into (31) the Wilson approxi mation , .. ., .
2(M ) = e_i y'
(32) will be used. I t may readily be verified (cf. figure 1 of Frohlich et al. 1947) th at the form of the wave function (21) is in satisfactory agreement with that of the function computed on the differential analyzer. Hulthen's wave function (23) is in still closer agreement with the mechanically computed function, but we have used the form (32), for the H 3 wave function because, despite its simplicity, the agreement with the exact function obtained by its use seems to be sufficiently good in view of the other approximations made.* The substitution of (32) into (31) leads to the form \Jr3 = e-ia(ri2+r23+r3i) for the wave function of H3. Now it follows from the Schrodinger equation for the deuteron th at
where a2(a ) an(^ M°0 are given by equations (22). From equations (15), (31) and (34) it may then readily be deduced that
By direct differentiation one findŝ
* W e h av e also ca lc u la te d th e av erag e v alu e of l / r 12 usin g th e w ave fu n ctio n s (21) a n d (23) a n d fo u n d ag re e m e n t w ith in 1 % for a w ide ran g e of energies.
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is introduced so that K x and K 2 are pure numbers independent of a at once from equations (35), (36), (37) and (38) so that using this result and the fact that
the integral / 3 in equation (14) can be expressed in terms of l5 and a third integral
by the formula
In equations (37), (38) and (40) the parameter has been eliminated under the integrals by replacing e~arM by e~rv, and correspondingly (ocrii)n by Integration over the space co-ordinates of the three particles after this transformation has been carried out is indicated by d 1 72 73. The elimination of the parameter c l from the in substitution (34). In view of the inaccuracy of \Jr2 this involves an error which in terms of its influence on the binding energy amounts to 10 % as will be shown in § 7. This error is not excessive though it could be avoided in the present case. The reason for maintaining (34) is to make use of the same type of approximation for both H 3 and He4 calculations. For the latter case the elimination of the parameter from the corresponding integrals is imperative unless one is prepared for numerical work of an amount that was prohibitive for us.
Equation (18) with n -3 and with the aid of equations (39) and
The evaluation of the integrals K x, K 2, K z defined by equ is straightforward (cf. Appendix A3); it turns out th at
Equation (42), together with the relations (22) and (43) for the relation between a 3 and b3. By assigning a set of val a curve can be drawn to show the relation of az to b3. Such a curve is shown in figure 2 . Now for each value of the meson mass m the value of b3 can be determined from equation (30), and from figure 2 the corresponding value of a3 (and hence by equation (11) of E3) can be found.
F ig u r e 2. R e la tio n b etw e en a n d b3 for th e H 3 n ucleus. The experimental value of the binding energy of H 3 is (Mattauch & Fliigge 1942) E3 = -8-30MeV;
* The variation of E 3 w ith m is shown graphically in figure 2 of Frohlich et al. (1947) .
an interpolation of the values of table 2 shows that this binding energy corresponds to a meson mass 225me. Substituting this value of m in equation (28) to the values m = 225me,F2jhc = 0-0774, G2/Kc = 0-0246 for the constants involved in the M.-R. interaction formula (1).
More accurate values will be given in § 7. 70 H. Frohlich, K un Huang and I. N. Sneddon
H elium (He4)
As in the case of the H 3-nucleus it is assumed th at the wave function of the helium nucleus is the product of two-body wave functions, i.e. ft^ = e~ia(r12+r13+r14+»,23+»,24+»-34).
The analysis proceeds along lines similar to those of the last section, using 
If integrals Lx, L 2, L 3 are defined as pure numbers similar to K x, K by the equations
then from the definition (14) and equations (48), (49) and (50) 
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Substituting from equations (54) into equation (53) gives finally a4(a) = 3-07a2 + 64^^3(l-53 + 0-842a).
Minimizing this with respect to a leads to the equation b _ 6-14(1 + a)4 4 " a(4-59 + 3-368a + 0-842a2) ' (55) (56) Equations (55) and (56) yield on the elimination of the relation between and ft4 so th at it is possible to plot an a4 -b4 curve similar to the Substituting the values (47) of the M.-R. constants into equations (5) and (19) gives
which corresponds to a value of a4 = -0-79 (with a ~ 1-13) which is less than half of the experimental value â 4 = -2-0.
Because of this discrepancy it might be considered advisable to use the He4 cal culations, instead of H 3, together with the results of the deuteron calculations to determine the values of the constants m, F, G. If this is done it is found th at the value of mt urns out to be in the region of 500me, a value which is in disagreement with th at determined by cosmic-ray measurements.
An alternative interpretation of these results is possible however. The binding energy calculated from equation (55) is the difference between the kinetic«and the potential energy, both of which are separately much larger. In fact, it can be shown from the a4-b4 curve th a t the experimental value (58) of a4 corresponds to a val 64 = -14*74 = -12-60x 1-17,
which is only 17 % larger than th at given by equation (57) calculated from the M.-R. constants (47). This suggests th at the high value of the binding energy of the helium isotope He4 is due to the existence of a non-static interaction which is about 20 % of the static interaction.
T h e EN ER G Y D IFF E R E N C E H3 -He3
The energy difference H 3 -He4, which is chiefly* made up of the difference in mass of the proton and neutron and of the Coulomb interaction C of the two protons in the He3 nucleus, is very small in comparison with the binding energy of the H 3 nucleus. Let the exact masses of the He3 and H3 nuclei be denoted by and H 3, and those of the neutron and proton by N and P. Then when C is expressed in mass units H *-H e* = N -P -C .
From the experimental observations of the /?-decay of H 3 (cf. Nielsen 1941; O'Neal 1941) it is known that = He° + me+ T/e*.
* T h ere is also a co n trib u tio n due to th e difference in th e m a g n etic in te ra c tio n b etw een th e m ag n etic m o m e n ts of th e nucleons. T his te rm sho u ld be co n sid erab ly sm aller th a n th e C oulom b energy, a n d will, therefo re, be neglected.
where T, the kinetic energy of the emitted /^-particle, is less than 15 kV, so th at T/c2 < 0*03me. Eliminating the differences N -P, H z -He3 between leads finally to the formula C -l*52we-T
where T/ c2satisfies the relation (62). If the wave function of He3 is assumed to be the same as th at of H 3, the value of C can be calculated from perturbation theory by use of the operators representing the electric charge. The Coulomb interaction is then c = fn*(C12 + C23 + C31) W2j f n W3 = 3J n c i2 'F tlV f where C12 denotes the operator * e2 1 + TS(1) 1 + r s(2)
= ---------------------------■
Separating the wave function Wz into space-dependent and spin-dependent factors i/r3 and < j)z respectively, and noting th at for < j> 3 of the correct form (cf. Appendix A 2),
it can be shown th at C = Ae2a^2 
The comparison of the theoretical value (66) and the experimental value (64) does not represent a strong test of the nuclear interaction potential employed in this paper but is a test for the H3 wave functions. The fact th at the two results differ by 20 % only seems to be rather satisfactory.
The triton, second approximation
To obtain an estimate of the error involved in the above calculations the binding energy of H 3 will be calculated with the variational method, using two parameters a, ft instead of one (similar to Brown 1939). Let cq, ftt be the Pauli spin functions of the ith. nucleon, and let £t-, rji be the corresponding isotopic spin functions satisfying
where the integrations refer to the spin or the isotopic spin co-ordinates of the ith nucleon. Then the most general H 3 wave function satisfying the Pauli principle must be of the form Ts = F(1,2,S)£1£2V, + F(3,1,2)£iV2£3 + F(2,3,1)Vi£2£3,
where the function F( 1,2,3) depends on the space and the spin co-ordina three nucleons, each set indicated by 1, 2, 3, and F (l,2 ,3 ) = -F ( 2 ,l,3 ) .
Furthermore, to obtain a total spin of \h one requires
where the functions G and H depend on the space co-ordinates only, and satisfy
Introducing now W3 into equation (12), making use of (68) to (71), (10) and (4), and carrying out the integrations over the spin and isotopic spin co-ordinates (cf. (67) This seems to be a reasonable extension of equation (33) because 1, 2, 3) corre sponds to the case in which the neutron 1 and the proton 3 have parallel spins and, therefore, attract each other in a similar way as in the ground (triplet) state of H 2. The interaction between 2 and 3 is weaker, corresponding rather to the virtual (singlet) state of H 2, and the interaction between 1 and 2 is of a similar order. One may thus expect the average distance between 1 and 3 to be smaller than the distance of 2 from 1 or 3. The alteration required if is assumed will be estimated below. I t may be expected to be small as corresponds to a state in which the two neutrons repel each other, whereas their interaction with the proton is relatively weak (corresponding to the singlet state of H 2).
Introducing (73) into (72) 
The minimum of az was located by plotting a number of curves to different values of (3 with y as variable parameter in each case. The values of the charge constants are known from (28) and (29) 
The meson mass is nearly the same as given in equation (47), but the force constants are somewhat altered. The value of 3 F 2 + G2, which wa calculations, differs, however, only very slightly from the previous one, as can be seen by comparing the 64-values (cf. (20) ) of table 3 (~ 12-3) with equation (57). The small alteration of the meson mass compared with the first-order calculation is mainly due to a cancellation of the effect of altering the force constants by the effect of a more accurate calculation. Actually, using the same values for the constant as in §4, i.e. those given by equation (47), one obtains 9*6 MeV. Most of the difference is, however, not due to the introduction of a second parameter, but to the previous use of equation (34) To estimate the influence of the function 1, 2, 3) in (70) it was assumed th at and
w'here A and a are two parameters. The calculations can be carried out in a similar way as before. They show that the inclusion of the function G leads to an energy level which is about 3 % lower than that obtained by putting 0. Considering this as an additional decrease to the 4 % obtained by using the wave functions (73) leads to a meson mass of 212me. It is, however, not certain that these two decreases do not overlap. The conclusion, therefore, must be th at the meson mass is between 210 and 220 me. The use of the wave functions (73) also leads to a slight decrease of the Coulomb energy (cf. (66)) to the value Q = l-77wec2.
Conclusions
In the calculations outlined in the preceding sections the only exact ones are those for the deuteron obtained by Wilson by means of the differential analyzer. Approximate methods have had to be used in the calculations for H3 and He4, and for the latter the question of estimating the error in the energy value obtained is one of great difficulty. To obtain a coherent view it seemed desirable to use the same method of calculation for both H 3 and He4. Such a method is mainly restricted by the difficulties of the four-body problem. It was possible, however, to improve the H3 calculations ( § 7) and to show th at in this case at least the method employed is sufficiently accurate to draw certain conclusions.
This will now be done on the assumption that the calculations are sufficiently accurate; subsequently the influence of the inaccuracies will be considered. The calculation of the binding energy of the deuteron and the H3 nucleus with the M.-R. interaction has led to a value for the meson mass between m -210me and m == 220me ( §7). This is in fair agreement with the meson mass 200me which (according to private communication by Dr Janossy and Dr J. G. Wilson) is found to agree with all reliable cosmic-ray measurements. The calculated Coulomb energy of the He3 nucleus is about 10 to 20 % higher than th at deduced from experiment, which may also be considered as satisfactory agreement. Furthermore, in the paper by Frohlich et al. (1947 ) (cf. also Ramsey 1947 , it is shown th at with the values of the constants of the M.-R. theory used in the present paper fair agreement between theoretical and experimental angular distribution of neutron-proton scattering is obtained, although it should be remembered that the present accuracy of the experiments (cf. Occhialini & Powell 1947) does not allow a detailed comparison.
It would thus seem that the M.-R. interaction (1) with the values (76) for the constants is a good ' static ' approximation to the interaction between two nucleons. Using this interaction (cf. § 5) the binding energy for He4 was found to be less than half of the observed value. The correct value can be obtained, however, by increasing the interaction energy (1) by about 20 %, i.e. by a relatively small amount (because the binding energy is only about one-fifth of the absolute value of the potential energy). If the constants of the M.-R. theory are chosen in such a way th at the He4 (and not the H 3) binding energy is in agreement with experiment, the value m ~ 500rae would follow for the meson mass which is in disagreement with cosmic-ray data. I t thus seems to follow th at in He4 an additional interaction is required which amounts to about 20 % of the static interaction, and which is of minor importance for H 3 or H 2. This would require the existence of many-body forces which in He4 would be of much greater importance than in H 3. Such a many-body interaction has been discussed by various authors (e.g. Janossy 1939; Primakoff & Holstein 1939). In the M.-R. theory such an interaction would be contained in the non-static terms. The conclusion to be drawn is thus that the static M.-R. interaction is a fair first approximation to the total interaction and accounts for the binding energies of H 2, H 3 and He3. For He4 the non-static terms become more important and should amount to about 20 % of the static terms* in order to reconcile the result of our calculation with the experimental value.
Consider now the influence of the inaccuracies of the calculations on these conclusions.
Approximate methods were introduced at two occasions: (i) instead of solving the wave equations exactly a variational method was used; and (ii) the integrations were simplified by using the substitution (34) with wave functions which are not quite accurate.
* Q u alitativ ely it should be ex p ected th a t th e re la tiv e im p o rta n ce of m a n y -b o d y forces increases w ith th e n u m b e r of nucleons; for four nucleons, for in stan ce, th e re are four th reeb o d y links, a n d one four-b o d y link as com p ared w ith one th ree -b o d y lin k in th e case o f th re e nucleons.
Both approximations lead to binding energies which are too small. For H 3 the error involved has been estimated in §7, giving 10% for approximation (ii). To estimate the error due to (i) more general wave functions of the correct symmetry were introduced, leading to an energy decrease of less than 7 % compared with the one-parametric wave functions. It seems that the error due to (i) should be of the same order.* This indicates th at the value for the meson mass given above is an upper limit, but that the actual (theoretical) valuef (which would be obtained from an exact solution of the H 3 problem) is unlikely to be much lower than 200me.
No corresponding estimate can be made for the He4 calculations because of the difficulties involved in carrying out the relevant integrals. The mere introduction of the improved values (76) of the parameters does not lead to an appreciable change in a4. To obtain the experimental result for the binding energy the relative errors in the He4 calculations would have to be many times larger than for H 3. This seems to be unlikely. In fact, in view of the high symmetry of the He4 nucleus one might expect the ^4-wave functions (48) to be even better than the ^3-wave functions (33). The main error would thus be due to the use of approximation (ii), involving culated by direct integration and by the use of equation (34). The ratio of the latter to the former was found to be 0-92 for a IT . The actual integrals required have a further factor e'~ar** under the integral which prevents the possibility of direct integration. I t may be hoped, however, th at this factor does not essentially change the ratio. Using 0-92 for the ratio would bring the binding energy from a4 = -0-79 to a4 == -T2, which is still considerably lower than the experimental value ai --2-0. The conclusion about the necessity of many-body forces in He4 should, therefore, still hold, although the quantitative estimate of 20 % cannot be maintained.
The main conclusion, therefore, seems to be th at the calculations of the present paper on the basis of the M.-R. theory do not lead to any disagreement with experi ments on H 2, H 3 and He3. They suggest that the binding energies of H 2, H 3 and He3 but not th at of He4 can be accounted for by the static interaction; they also indicate the existence of many-body forces which would be of importance for He4, and for heavier nuclei.$ A more quantitative comparison was impossible in view of the difficulties of the four-body problem. The most suitable way to obtain a better view * It must be admitted, however, that the error might be larger because the general form of the wave functions may be rather important. Thus spatial wave functions, which are much simpler than those used by us, can be obtained by putting i/rn II y(r4), y being a one-particle wave function. In this way the correlation between nucleons is entirely neglected, and the binding energies obtained are much smaller than those found with the wave functions (21), (33) and (48), as shown in Appendix A 1 and in figure 3. These simpler wave functions become, however, increasingly better the heavier the nucleus to which they are applied. n on the validity of the M.-R. theory would probably be to increase the accuracy as well as the range of experiments on neutron-proton and proton-proton scattering, and to attem pt to obtain more accurate experimental values for the meson mass.
Substituting for I n, Jn in equation (18) so th at The en-/3n curve defined by equations (81) and (82) is drawn in figure 3 . The values of en and fin given by the two-body wave functions can also be calculated; the curves corresponding to n = 2, 3, 4 are also shown in figure 3 . If the curve given by were a good approximation these curves would all coincide. 
A3. Evaluation of the H 3 integrals
The evaluation of the integrals involved in the calculations of the binding energy of H 3 is simple. I t is of advantage to take the three distances r12, r23, r31 as independent co-ordinates, and integrate over the relative distances only. This leaves the integra tion over the position in space of the triangle 1-2-3. This integration need not be carried out, as it leads to the same multiplicative factor for all the integrals. Further more, following Hylleras, introduce elliptic co-ordinates
S -^i2 + r23, t = U
The volume element is then given by r = 7 T2u(s2 -t2)ds and the limits are -u^t^u , O^u^s< c o .
W ith this substitution all integrals can be carried out quickly and in an elementary way.
A 4. The He4 integrals
We found it impossible to integrate analytically the integrals L v L 2 and L 3 defined by equations (50). We found, however, th at following a suggestion by Coulson (1937) the angular part of the integrations can be carried out, and thus the integrals can be reduced to a quickly converging series of triple integrals. To take L x (equation (50a)) as an example denote the vectors r12, r13 and r14 by r, s and t respectively. Also let 6, 0 and Q be the angles between (r, s), (r, t) and (s, t) respec tively, and < fi the azimuth around the r-axis. Then according to Watson (1922) There remain now the integrations over r, s and t which still require a great amount of computing.
To carry out the integrals (50) the Scientific Computing Service Ltd. was approached who put Dr H. 0 . Hartley in charge. Dr J. C. P. Miller, University of Liverpool, devised the methods to be used for the computations. The above sum was found to converge rapidly, and it was found sufficient to use the first three terms (w = 0, n = 1, n = 2). For all three integrals, the second term is less than 10 % of the first one.
